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A B S T R A C T   
This study aimed to assess a specific gamma radiation dose to be applied as a post-harvest process to guarantee 
the microbial safety of two medicinal plants, Melissa officinalis and Aloysia citrodora. Dried plants treated with 
gamma radiation indicated that a dose of 5 kGy could be applied as a post-harvest treatment process of 
M. officinalis and A. citrodora, assuring the microbial safety of dried medicinal plants and lowering the poten-
tiality of deleterious effects on plants’ quality attributes. This will enhance the safety and quality of the dried 
plants to be used as raw materials in industrial applications.   
1. Introduction 
The use of medicinal plants is perhaps the oldest method of handling 
with illnesses (Kosalec et al., 2009). Herbal products include a diversity 
of self-prescribed preparations of plant origin that may usually be 
categorized as food, dietary supplements, cosmetics, and herbal me-
dicinal products, that revealed good nutritional properties highlighting 
their relevance for an enhanced human nutrition and health (Kosalec 
et al., 2009; C. Pereira et al., 2015). Specifically, Melissa officinalis and 
Aloysia citrodora are herbs mainly used as spices and medicinal plants. 
M. officinalis is traditionally used for their spasmolytic nervous sedative, 
antiviral and antioxidant activities, and beneficial effects on the brain, 
as a treatment for memory disorders (de Sousa et al., 2004). Regarding 
to A. citrodora, the leaves of this plant are described to possess digestive, 
antispasmodic, antipyretic, sedative and stomachic properties. It has 
traditionally been used in infusions for the treatment of asthma, cold, 
fever, flatulence, colic, diarrhea and indigestion (Valentão et al., 2002). 
The consumption of natural products has become a public health 
problem, since these medicinal herbs are prepared using natural plants 
collected, dried and packaged without an effective hygienic and sanitary 
control. These plants present microbiological contamination and can 
host an extensive spectrum of microorganisms such as bacteria, fungi 
and viruses (Martins et al., 2001), which are transferred via air- and 
soil-borne vectors (Kneifel et al., 2002). In the pharmaceutical industry, 
the use of raw materials with high level of microbiological safety is a 
crucial requirement, since the microorganisms can contaminate the final 
product (de la Rosa et al., 1995). This is also important in the food in-
dustry, where microbiological decontamination provides a product with 
higher shelf life, while maintaining its quality (Kamat et al., 2003). 
Currently, three methods can be used for the antisepsis of herbs, 
specifically steam, fumigation and irradiation. However, steam degrades 
light-weight leafy herbs, and ground products are difficult and occa-
sionally impossible to handle in the steam system (Eiss, 2001). As for 
ethylene oxide gas, such disinfection method has been forbidden in the 
European Union and many other countries because it is a carcinogen 
when inhaled and it leaves harmful chemical residues (Chmielewski and 
Migdał, 2005; Katušin-Ražem et al., 2001). Food irradiation, namely by 
gamma rays, is increasingly recognized as an effective method in 
decreasing postharvest food losses, ensuring hygienic quality as an 
alternative to fumigation or steam, and facilitating wider trade in 
foodstuffs (Katušin-Ražem et al., 2001; Kim et al., 2000; Wen et al., 
2008). The radiation processing, have the ability to inactivate micro-
organisms at ambient or near ambient temperatures, consequently 
avoiding the harmful effects that heat has on flavor, color, and nutrient 
value of food. Irradiation has the advantage that products are processed 
in the final packaging stage, decreasing the possibility of cross 
contamination until actual use by the consumer (Farkas, 2006). Food 
irradiation is legally permitted in 54 countries worldwide for microbi-
ological control in spices and their powders (International Atomic En-
ergy Agency, 2012). The European Union has approved the treatment of 
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dried aromatic herbs, spices, and vegetable seasonings with ionizing 
radiation at a maximum radiation dose of 10 kGy, but some countries, 
such as Australia and the United States, can use up to a 30 kGy dose 
(Codex Alimentarius Commission, 2003; Commission of the European 
Union, 1999). There are several studies addressing the irradiation 
treatment and its effects on herbs stating the 10 kGy as the required dose 
to attain food standards (Chmielewski and Migdał, 2005; Katušin-Ražem 
et al., 2001; Kim et al., 2000; Koseki et al., 2002; Kumar et al., 2010; E. 
Pereira et al., 2015a). Nevertheless, our previous studies on these dried 
aromatic plants demonstrated a strong dependence of the plant species 
and irradiation dose on the treatment effect on chemical parameters and 
bioactive indicators of aromatic plants, advising for accurate studies of 
any plant species to be considered for irradiation (E. Pereira et al., 
2015b; Pereira et al., 2018, 2017, 2016). In this way, the literature is 
scarce on the assessment of the potentiality of reducing the established 
10 kGy treatment dose of dried plant products as raw materials, in order 
to target specific ionizing radiation doses, which can reduces quality 
deterioration and increase the economic profit. The aim of this study 
was to assess the inactivation patterns by gamma radiation of the 
microbiological population of two dried medicinal plants, Melissa offi-
cinalis and Aloysia citrodora, in order to propose a target specific gamma 
radiation dose to be applied as post-harvest treatment of these two 
plants to guarantee the microbiological quality requirements of phar-
maceutical and food industries. 
2. Materials and methods 
2.1. Samples 
Samples of Melissa officinalis L. (Lamiaceae; lemon balm) and Aloysia 
citrodora P. (Verbenaceae; lemon verbena) were provided as dry leaves 
by a local producer (Pragmático Aroma Lda, Alfândega da Fé, Bragança, 
Portugal). After confirmation of the taxonomical identification, the 
samples were divided into groups: control (non-irradiated, 0 kGy) and 
irradiated groups at the several predicted doses (detailed in irradiation 
process). 
2.2. Irradiation process 
Irradiations were carried out at the Co-60 experimental equipment 
(Precisa 22, Graviner, Lda, UK) with total activity 165 TBq (4.4 kCi) in 
December 2014, located at the Campus Tecnológico e Nuclear, Sacavém, 
Portugal. Dosimetric studies using the reference Fricke dosimeter were 
carried out in the irradiation facility in order to determine the best ge-
ometry and dose rate for the irradiation process (1.3 kGy/h). 
For the natural microbiota inactivation studies, three packages of 1 g 
of dried M. officinalis and A. citrodora were irradiated at three estimated 
doses: 0.98 ± 0.01 kGy; 2.87 ± 0.06 kGy and 5.40 ± 0.14 kGy, in three 
irradiation batches for each plant. Three samples of 1 g of each plant 
were not submitted to irradiation (non-irradiated samples). Throughout 
the text, we considered the treatment doses as 1, 3 and 5 kGy and 0 kGy 
as non-treated (non-irradiated, control). 
Regarding the challenging tests, the artificially contaminated dried 
plant samples (1 g) were irradiated at doses 0.49 ± 0.07 kGy; 0.99 ±
0.08 kGy and 1.22 ± 0.08 kGy (3 packages of 1 g each per radiation 
dose) in three independent irradiation batches for each plant. Non- 
irradiated spiked samples (n = 3) followed the assays. 
The absorbed dose was monitored using calibrated routine dosime-
ters (uncertainty of ±2.5%; Perspex, Harwell, UK) to estimate the ra-
diation doses absorbed by the product. The obtained average dose 
uniformity (maximum dose/minimum dose) was 1.04. 
2.3. Inactivation studies of the natural microbiota of medicinal plants 
The microbial load of the selected plants was estimated before and 
after irradiation by a filtration technique. Non-irradiated and irradiated 
samples were blended on 100 ml of saline solution with a tensioactive 
agent (0.9% NaCl with 0.1% Tween 80) and homogenized in stomacher 
blender equipment (Stomacher 3500; Seaward, UK) during 15 min. Al-
iquots of 10 ml of plants washing solution were filtrated in triplicate 
using nitrocellulose membranes with a pore size of 0.45 μm (Sartorious 
AG, Germany). The membranes were placed into petri dishes containing 
Tryptic Soy Agar (TSA) media for bacterial quantification and into Malt 
Extract Agar (MEA) media for fungal assessment. TSA and MEA petri 
dishes were incubated during 7 days at aerobic atmosphere at 30 ◦C and 
28 ◦C, respectively. 
Microbiological counts were expressed as mean log colony-forming 
units (CFU) per gram. The natural microbiota of non-irradiated and 
irradiated plants samples was morphologically and biochemically 
characterized. Isolates were divided in eleven morphological types 
based on macroscopic (e.g. pigmentation, texture, shape), microscopic 
(e.g. cellular morphology, endospores presence/absence) and 
biochemical characteristics (e.g. gram staining, catalase and oxidase 
activities). The definition of the eleven morphological types was based 
on the Bergey’s Manual of Determinative Bacteriology (Holt et al., 
1994). The frequency of each morphological type was calculated based 
on the number of isolates and its characterization. 
For fungal identification, microscopic mounts were performed using 
tease mount or Scotch tape mount and lactophenol cotton blue mount 
procedures. Morphological Identification was achieved through macro 
and microscopic characteristics as noted by Atlas of Clinical Fungi (Hoog 
et al., 2000). 
2.4. Challenging test with Escherichia coli 
Samples of 1 g of each medicinal plant, in triplicate, were artificially 
contaminated with 105 CFU/g of a pure culture of Escherichia coli (ATCC 
8739) and then allowed to dry for 15 min. Thereafter, the non-irradiated 
and irradiated samples were blended on 100 ml of saline solution with a 
tensioactive agent (0.9% NaCl with 0.1% Tween 80) and homogenized 
in stomacher blender equipment (Stomacher 3500; Seaward, UK) during 
15 min. E. coli counts were carried out in triplicate onto Violet Red Bile 
Agar (VRB-Agar; Merck) at 30 ◦C for 7 days, and expressed as mean log 
colony-forming units (CFU) per gram. 
2.5. Data analysis 
Origin software version 7.5 (OriginLab Corporation, Northampton, 
USA) was used for data analysis. The D10 value represents the dose that 
achieves a 90% (1-log) reduction of the target bacteria. The surviving 
E. coli concentration (log CFU/g) was plotted as a function of the 
measured gamma radiation dose (kGy). Linear regression analysis was 
performed, and the negative reciprocal of the slope was calculated to be 
the D10 value. 
3. Results 
The microbiological counts indicated that M. officinalis presented a 
low average bioburden of 2.50 ± 0.02 log CFU/g. The mesophilic mi-
crobial population of this dried plant followed a linear gamma radiation 
inactivation kinetics, with an inactivation efficiency of 88% for 5 kGy, 
which corresponds to a 0.9 log cycle reduction in microbial total counts 
(Fig. 1). Concerning to A. citrodora, the results also indicated a reduced 
initial bioburden of 2.62 ± 0.02 log CFU/g. The microbial inactivation 
efficiency obtained was 94% for 5 kGy. Regarding the filamentous fungi 
population, M. officinalis showed a fungal population concentration of 
1.47 ± 0.05 log CFU/g, while A. citrodora presented a fungal load of 
1.37 ± 0.01 log CFU/g. However, both fungal populations showed a 
nonlinear inactivation kinetic curve. A reduction of 0.5 log for the fungal 
populations was achieved for 5 kGy, corresponding to an inactivation 
efficiency of approximately 70% (Fig. 1). 
The microbiota from non-irradiated and irradiated of M. officinalis 
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and A. citrodora were phenotypically characterized to assess the dy-
namics of their microbial community and its patterns with ionizing ra-
diation doses (Table 1). 
The microbiota of M. officinalis was mostly constituted by Gram- 
positive catalase-positive rods (68%) and Gram-negative oxidase-nega-
tive rods (22%). Regarding the natural microbiota of A. citrodora, the 
major phenotypes isolated were also the Gram-positive catalase-positive 
rods (54%) and Gram-negative oxidase-negative rods (40%). 
The predominant morphological types of surviving microbiota of 
irradiated M. officinalis were the Gram-positive catalase-positive rods 
(65%) and filamentous fungi (19%). After irradiation, the morphotypes 
of the microbial population of A. citrodora were mainly the Gram- 
negative oxidase-negative rods (53%) and Gram-positive catalase-posi-
tive rods (35%). Among fungal population from non-irradiated samples 
of M. officinalis, the genus Aspergillus was the most isolated (57%), fol-
lowed by Penicillium (22%) and Alternaria (8%). Concerning gamma 
radiation-surviving fungi, the most frequently found was Alternaria spp. 
(57%) and Uloclaudium spp. (11%) at the higher applied irradiation dose 
of 5 kGy (Table 2). The initially predominant fungal genera Aspergillus 
and Penicillium decreased its prevalence with the increment of gamma 
radiation dose, and were not detected in M. officinalis after a 5 kGy 
treatment dose. In non-irradiated and irradiated samples (1 kGy, 3 kGy 
and 5 kGy) it was also detected countless colonies of Mucor spp. The 
fungal population of A. citrodora was mainly constituted by Alternaria 
spp. (55%) and Aspergillus spp. (13%). The identification of the surviving 
fungi from this irradiated dried plant presented the genus Alternaria as 
the prevalent (Table 2). 
Countless colonies of Neoscytalidium spp. and Mucor spp. were also 
found in non-irradiated and irradiated samples. Among the Aspergillus 
genus, the fungal species that were more abundant in non-irradiated 
samples of M. officinalis were Aspergillus niger (39% of natural fungal 
population) and Aspergillus fumigatus (16% of fungal population). Also, 
in non-irradiated samples of A. citrodora, the fungi Aspergillus niger (11% 
of fungal population) and Aspergillus fumigatus (2% of fungal population) 
were isolated. 
When a suspension of a microorganism is irradiated at incremental 
doses, the number of surviving Colony Forming Units (CFUs) after each 
incremental dose may be used to construct a dose–survival curve. Mi-
crobial radiation survival follows in most cases a linear inactivation 
kinetics. This linear correlation between the absorbed dose D (kGy) and 
the bacteria survival number N (CFU/g) is represented by log N = k⋅D+
log N0, in which the D10 value is the inverse slope (k) of the obtained 
regression line and N0 is the initial bioburden. The challenging tests of 
M. officinalis and A. citrodora with Escherichia coli (ATCC 8739) indicated 
for both plants a linear inactivation kinetics (R2 = 0.990 for M. officinalis 
and R2 = 0.987 for A. citrodora) of this bacteria by gamma radiation 
(Fig. 2). Based on this, the dose required to achieve 90% reduction, the 
D10 value, for E.coli in M. officinalis and A. citrodora was estimated to be 
0.54 ± 0.04 kGy and 0.39 ± 0.03 kGy, respectively. 
4. Discussion 
In the current study, the results indicated a low total aerobic plate 
counts for M. officinalis and A. citrodora of approximately 2.5 log CFU/g. 
The total aerobic plate counts that have been reported for other 
botanical raw materials ranged between 3 and 8 log CFU/g (Kumar 
et al., 2010). The natural microbiota of the herbs could be attributed to 
several factors such as the general conditions during their cultivation, 
harvesting, drying, handling, processing, storage, distribution and sales. 
However, it was described that the microbial status of dried herbal 
material is not so much caused by secondary contamination during 
processing, but may mainly be due to the fact that plants have their 
specific microbial flora (Donia, 2008). The good manufacturing prac-
tices applied in the processing of the analyzed plant products could 
Fig. 1. Gamma radiation survival curve for the mesophilic bacterial and fungal 
populations of medicinal plants: (A) Melissa officinalis and (B) Aloysia citrodora. 
Error bars correspond to 95% confidence intervals about mean values (n = 18; 
α = 0.05). 
Table 1 
Relative frequency of the phenotypes of the isolates from non-irradiated and irradiated medicinal plants at several gamma radiation doses.  
Phenotypic group Percentage relative to total microbiota (%) 
Melissa officinalis Aloysia citrodora 
Non-irradiated 1 kGy 3 kGy 5 kGy Non-irradiated 1 kGy 3 kGy 5 kGy 
Gram-positive, catalase-positive rods 67.9 79.1 57.9 64.6 54.1 33.5 34.3 35.2 
Gram-negative, oxidase-negative rods 21.6 12.5 32.9 16.7 40.0 52.7 46.5 52.8 
Gram-negative, catalase-positive cocci 0.0 0.0 0.0 0.0 0.0 7.6 3.3 3.6 
Gram-positive, catalase-positive cocci 0.0 0.0 0.0 0.0 0.1 0.0 0.0 1.0 
Filamentous fungi 10.4 8.4 9.2 18.8 5.7 6.2 15.9 7.4  
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explain the low microbial loads obtained. However, to fulfill the re-
quirements of health and food industries regarding raw materials, lower 
microbial loads must be attained (Bomblies et al., 2007; Daelman et al., 
2013). Some studies have revealed that radiation processing can be an 
effective technique for the decontamination of some medicinal plants 
(Chmielewski and Migdał, 2005; Katušin-Ražem et al., 2001; Kim et al., 
2000; Koseki et al., 2002; Kumar et al., 2010). The inactivation kinetics 
of natural microbiota of the two dried plants was assessed indicating to 
be a linear inactivation survival curve. Based on the obtained linear 
regression models it could be estimated a reduction of approximately 1 
log on the aerobic bacterial populations of these medicinal plants after 
irradiation at 5 kGy. The effectiveness of irradiation treatment depends 
on different factors, including composition of food, number and type of 
microorganisms, and applied dose (Farkas, 2006). The applied gamma 
radiation dose range (1 kGy up to 5 kGy) was selected with the intent to 
assess the potential use of radiation doses below 10 kGy in order to 
assure the microbiological safety of tested plant products while main-
taining their qualities. Our previous studies indicated that gamma ra-
diation and electron beam to a dose of 10 kGy could induce effects in the 
chemical/nutritional and antioxidant properties of A. citrodora and 
M. officinalis (E. Pereira et al., 2015a; 2015b; Pereira et al., 2018, 2017, 
2016). Nonetheless, the performed analysis under an integrated 
approach indicated that irradiation treatment did not cause sufficient 
changes to define a specific chemical profile for the analyzed plants. 
Moreover, low dose gamma radiation for extension of shelf life, micro-
biological safety and retention of quality indices in minimally processed 
vegetables and fruits are increasingly gaining importance for industry, 
restaurants, institutional and airline catering (Farkas, 2006). 
The obtained microbial load reduction could be related to the types 
of microorganism that constitute the M. officinalis and A. citrodora 
microbiota. According to different studies on medicinal plants micro-
biota, the predominant bacteria are Escherichia coli, Shigella spp., Sal-
monella spp., Bacillus subtilis and Staphylococcus aureus (Chmielewski and 
Migdał, 2005; Idu et al., 2010; McKee, 1995; Sospedra et al., 2010). In 
the current study, the morphological characterization of the natural 
microbiota of M. officinalis and A. citrodora indicated as predominant 
morphological types the Gram-positive catalase positive rods, which 
includes the microorganisms of genus Bacillus; and the Gram-negative 
oxidase-negative rods, where microorganisms of genera Escherichia, 
Salmonella and Shigella can be comprised. According to literature, bac-
teria from Enterobacteriacea family are relatively sensitive to irradiation 
and, in most cases, a dose of about 5 kGy is sufficient for their elimi-
nation (Farkas, 2006). However, the obtained surviving microbial 
population phenotypes’ did not agree with the ones reported previously, 
probably due to a protective effect of plants substrate. Suspending me-
dium may contain certain compounds that act as protective agents 
(compounds that are known as scavengers) which give protection 
against irradiation damage (Farkas, 2006). Moreover, the radiation 
induced damage by the free radical produced by water radiolysis could 
not be considered, since the plants are dried, this fact also leads to an 
increased radioresistance. 
Escherichia coli was one of the most reported bacteria present in 
natural microbiota of herbs, for this reason and because of its potential 
health effects, becomes crucial to study the gamma radiation as a pro-
cessing method for the disinfection of this bacteria (Idu et al., 2010; 
McKee, 1995). Extrapolating the obtained E. coli inactivation results to a 
dose of 5 kGy, it will be expected a reduction of approximately 9–12 log 
CFU/g of E. coli load on the analyzed dried plants (in practice a disin-
fection). According to other study, the D10 value for E.coli is between 
0.20 and 0.65 kGy, which is in agreement with the results obtained in 
this study for both medicinal plants (Trampuz, 2006). 
Regarding fungal population, several studies demonstrated that the 
most frequent fungi found in different medicinal plants were Aspergillus 
sp., Penicillium sp., Mucor sp. and Cladosporium sp., supporting the ob-
tained results from both analyzed dried plants (de la Rosa et al., 1995; 
Donia, 2008). Fungi in general are considered more resistant than the 
vegetative forms of bacteria (Aquino, 2011). In the present study, it was 
observed a low inactivation rate for the fungal population of both plants 
corresponding to a decrease of 0.5 log on fungal load after irradiation at 
5 kGy. The sensitivity of fungi to gamma radiation was determined in 
various studies (Aquino, 2011; Aquino et al., 2010; Iqbal et al., 2012). 
Nevertheless, there are some genera of filamentous fungi, specifically 
Aspergillus and Penicillium, presenting intermediate resistance, and genus 
such as Alternaria that can present a high radiation resistance due to the 
multi-cellularity of spores (Aquino, 2011; Iqbal et al., 2012). Supporting 
other studies results, the occurrence of Aspergillus sp. and Penicillium sp. 
decreases with the increase of irradiation dose and at 5 kGy the presence 
of these genera of fungi is not detected (Iqbal et al., 2012). However, 
Table 2 
Most common fungal genera identified in non-irradiated and irradiated samples of medicinal plants.  
Fungi Percentage relative to total fungal population (%) 
Melissa officinalis Aloysia citrodora 
Non-irradiated 1 kGy 3 kGy 5 kGy Non-irradiated 1 kGy 3 kGy 5 kGy 
Aspergillus spp. 56.6 47.5 21.7 ND 12.5 9.5 ND ND 
Penicillium spp. 21.7 1.7 ND ND 1.8 2.4 ND ND 
Alternaria spp. 8.4 11.9 16.4 56.5 55.4 66.7 82.1 91.3 
Ulocladium spp. ND ND 7.0 10.7 10.7 2.4 14.8 ND 
Othersa 13.3 38.9 54.9 32.8 19.6 19.0 3.1 8.7 
ND - not detected. 
a Percentage of fungal isolates at a relative frequency <5% of total fungal population. 
Fig. 2. Gamma radiation survival curve for inoculated Escherichia coli (ATCC 
8739) into medicinal plants: Melissa officinalis (black squares) and Aloysia cit-
rodora (grey circles). Error bars correspond to 95% confidence intervals about 
mean values (n = 18; α = 0.05). 
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there is some fungus genus, which indicated to be resistant to irradiation 
such as Alternaria sp., since isolates were detected at 5 kGy in both 
medicinal plants samples. Other authors, have also shown a higher 
resistance of dematiaceous fungi (Alternaria alternata, Cladosporium 
cladosporioides, Curvularia lunata, etc.) to gamma radiation (Aquino, 
2011). Some investigators suggested that filamentous fungi produce 
numerous metabolites as protective agents, such as alcohols, acids, en-
zymes, pigments, polysaccharides, and steroids, as well as some complex 
compounds, such as ergotinine, and antibiotics, including penicillin, 
notatin, flavicin, and fumigacin (Aquino, 2011). In addition, intracel-
lular fungal components (sulfhydric compounds, pigments, amino acids, 
proteins and fatty acids) have been reported to be responsible for radi-
oresistance of fungi (Aquino, 2011). As reported elsewhere, to reduce 
fungal contamination in medicinal plants, an average dose of 5 kGy was 
enough to decrease the counts to acceptable levels (Aquino, 2011; 
Aquino et al., 2010; Iqbal et al., 2012). 
It is generally assumed that microbial resistance to gamma radiation 
depends on many factors, combining intrinsic factors as the individual 
sensibility with other external factors as the radioprotection/sensitiza-
tion effect of substrate compounds (Aquino, 2011). In this study, low 
inactivation rates (reduction of 1 log CFU/g) by gamma radiation were 
obtained for the microbial populations of M. officinalis and A. citrodora 
after a gamma radiation treatment of 5 kGy. However, this apparent low 
reduction, is sufficient to guarantee the restrictive acceptance criteria 
for microbiological quality (e.g. total aerobic counts <102 CFU/g and 
total fungal counts <101 CFU/g) of pharmaceutical preparations 
(Council of Europe, 2010). In addition, the results obtained indicated 
that a gamma radiation dose of 5 kGy could be applied as a postharvest 
treatment process of M. officinalis and A. citrodora, lowering the poten-
tiality of deleterious effects on plants’ quality attributes. In general, 
better knowledge of the effect of preservation agents on microorganisms 
would lead to a more rational design of processes, being essential for the 
development of safe products (Nemţanu et al., 2014). This study high-
light the significance of the assessment of a treatment dose for each 
individual application that should established, taking into consideration 
the contamination level, the hazards involved, oxygen presence, the 
substrate effect, possible storage conditions and the efficiency of the 
radiation to the intended treatment objective. 
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